Zoledronic acid 5 mg (ZOL) annually for 3 years reduces fracture risk in postmenopausal women with osteoporosis. To investigate longterm effects of ZOL on bone mineral density (BMD) and fracture risk, the Health Outcomes and Reduced Incidence with Zoledronic acid Once Yearly-Pivotal Fracture Trial (HORIZON-PFT) was extended to 6 years. In this international, multicenter, double-blind, placebocontrolled extension trial, 1233 postmenopausal women who received ZOL for 3 years in the core study were randomized to 3 additional years of ZOL (Z6, n ¼ 616) or placebo (Z3P3, n ¼ 617). The primary endpoint was femoral neck (FN) BMD percentage change from year 3 to 6 in the intent-to-treat (ITT) population. Secondary endpoints included other BMD sites, fractures, biochemical bone turnover markers, and safety. In years 3 to 6, FN-BMD remained constant in Z6 and dropped slightly in Z3P3 (between-treatment difference ¼ 1.04%; 95% confidence interval 0.4 to 1.7; p ¼ 0.0009) but remained above pretreatment levels. Other BMD sites showed similar differences. Biochemical markers remained constant in Z6 but rose slightly in Z3P3, remaining well below pretreatment levels in both. New morphometric vertebral fractures were lower in the Z6 (n ¼ 14) versus Z3P3 (n ¼ 30) group (odds ratio ¼ 0.51; p ¼ 0.035), whereas other fractures were not different. Significantly more Z6 patients had a transient increase in serum creatinine >0.5 mg/dL (0.65% versus 2.94% in Z3P3). Nonsignificant increases in Z6 of atrial fibrillation serious adverse events (2.0% versus 1.1% in Z3P3; p ¼ 0.26) and stroke (3.1% versus 1.5% in Z3P3; p ¼ 0.06) were seen. Postdose symptoms were similar in both groups. Reports of hypertension were significantly lower in Z6 versus Z3P3 (7.8% versus 15.1%, p < 0.001). Small differences in bone density and markers in those who continued versus those who stopped treatment suggest residual effects, and therefore, after 3 years of annual ZOL, many patients may discontinue therapy up to 3 years. However, vertebral fracture reductions suggest that those at high fracture risk, particularly vertebral fracture, may benefit by continued treatment. (ClinicalTrials.gov identifier: NCT00145327). ß
Introduction

I
n the Health Outcomes and Reduced Incidence with Zoledronic acid Once Yearly-Pivotal Fracture Trial (HORI-ZON-PFT), 5 mg zoledronic acid (ZOL), given intravenously annually for 3 years, was shown to decrease spine, hip, and other nonvertebral fracture risk, to increase bone mineral density (BMD), and to decrease bone remodeling rates. (1) These results, together with those from trials of similar duration for oral bisphosphonates, (2) (3) (4) (5) (6) support fracture risk reduction with 3 to 4 years of bisphosphonate administration, particularly in osteoporotic women. However, bisphosphonate efficacy over longer periods has been less well studied. There have been no long-term placebo-controlled trials, but one alendronate study randomized women after 5 years on treatment to either 5 more years of alendronate or placebo. (7) This study found that those randomized to continue alendronate retained BMD gains, whereas those switched to placebo lost BMD but remained at or above pretreatment levels from 10 years earlier. Clinical vertebral, but not nonvertebral, fractures were reduced among those continuing. The authors recommended that many women could take a ''drug holiday'' after 5 years but that those at high risk of vertebral fractures might continue. A later post hoc analysis suggested nonvertebral fracture benefits in those with BMD T-scores lower than À2.5 after 5 years of treatment. (8) This long persistence of effect is not true for all bisphosphonates; for example, 1 year after stopping risedronate, there was no difference between the active and placebo groups in bone turnover markers (although BMD was still higher and fracture incidence remained reduced in the active group). (9) Although 3-to 4-year trials of bisphosphonates have not identified any consistent safety concerns, several safety concerns have arisen from sources other than trials, including osteonecrosis of the jaw (ONJ), (10) esophageal cancer, and more recently, atypical femur fractures. (11) (12) (13) The latter association was not supported by a reanalysis of randomized trials. (14) However, recent large epidemiologic studies have been more supportive of an association. (11, (15) (16) (17) Although there is still significant uncertainty about the relationship between bisphosphonate use and duration of use and the risk of atypical fracture, it persists as a safety concern, particularly with long-term bisphosphonate therapy. A Food and Drug Administration (FDA) advisory committee recently recommended that the FDA make some changes to bisphosphonate labels regarding long-term use. (18) To assess the effect of ZOL beyond 3 years, we conducted an extension of the HORIZON-PFT in which women on ZOL for 3 years were randomly assigned to ZOL or placebo for 3 more years. Our goals were to assess the efficacy and safety of 6 years of ZOL versus 3 years followed by cessation, and to estimate the effect of offset after discontinuation.
Materials and Methods
Study design and participants
This trial was an extension of the HORIZON-PFT; the design and results from that core study have previously been reported.
(1) In summary, 7765 osteoporotic women were randomly assigned to annual intravenous ZOL 5 mg or placebo and followed for 3 years. In this extension, women who had received three ZOL or placebo infusions in the core study at a subset of clinical sites were eligible. Exclusions included major protocol violations during the core study, aged >93 years, and specific bone-active medication use. All patients provided written informed consent before participating in the study, and local Independent Ethics Committees or Institutional Review Boards for each participating study center approved the protocol. The study was conducted in compliance with the ethical principles of the Declaration of Helsinki (2008) and local applicable laws and regulations. The study was jointly designed by the steering committee and sponsor. The sponsor had responsibility for data collection and quality control. An independent data and safety monitoring board (DSMB) met semiannually to oversee study conduct and monitor patient safety. Study database copies were periodically transferred to the University of California, San Francisco (UCSF) for DSMB reports. Analyses for publication were the joint responsibilities of the sponsor and UCSF investigators. Original analyses were performed by the sponsor according to a prespecified analysis plan and independently confirmed by UCSF. All authors contributed to the manuscript, and approval was received from the 13-member Steering Committee, which included two representatives of the sponsor.
Treatment
Women assigned to ZOL in the core study were randomly assigned to receive a 15-minute intravenous infusion of ZOL (Group Z6) or placebo (Group Z3P3) once per year for 3 years, in a 1:1 ratio, stratified by clinical center. To maintain blinding, patients assigned to placebo during the core study received ZOL in the extension study for 2 to 3 years but will not be considered further in this report. To further ensure blinding, patients were randomized centrally by an interactive voice response system to study treatment. All patients received daily oral calcium (1000 to 1500 mg) and vitamin D (400 to 1200 IU). All personnel were blinded to study medication.
Study investigators, site personnel, endpoint adjudicators, the Novartis clinical team, as well as the clinical research organization and Coordinating Center personnel involved in the conduct of the trial were all blinded to treatment assignments.
Endpoints
The primary endpoint was percentage change in femoral neck BMD at year 6 relative to year 3 (baseline for this extension study). Secondary endpoints included spine and total hip BMD, biochemical bone turnover markers, and fractures (clinical, nonvertebral, clinical spine, and morphometric vertebral). Changes from pretreatment levels over 6 years (years 0 to 6) were also assessed.
Efficacy measurements
Dual X-ray absorptiometry of the hip was performed on all participants in the core study and at years 4.5 and 6 in the extension. The value at the final core visit (year 3) was used as the extension baseline. Spine BMD was assessed in a subset of patients. Quality control and BMD scan analyses were performed centrally (Synarc, Portland, OR, USA).
Levels of serum procollagen type I N-terminal propeptide (PINP) were batch-assayed for all patients using archived serum collected at years 0, 3, 4.5, and 6. Analyses of beta C-terminal type 1 collagen telopeptide (ß-CTX) and bone-specific alkaline phosphatase (BSAP) (Synarc, Lyon, France) were done in a small subset of participants who had frozen serum from the core study.
Fractures were assessed using identical methods to those in the core study.
(1) Briefly, clinical fractures were initially identified by self-report with central adjudication from radiographic or surgical reports. Incidence of morphometric vertebral fractures was assessed by comparison of baseline (3-year) to final study radiographs using standard criteria that required both a quantitative morphometric (QM) change (20% or !4 mm) and change !1 semiquantitative (SQ) grade. Secondary analyses were performed restricting new vertebral fractures to women who met QM incident fracture criteria with SQ change !2 and !3. QM evaluation was performed on all films, and SQ was performed for confirmation if the pair met QM incident fracture criteria. (19) Prevalent vertebral fractures at study baseline were defined by QM criteria using the modified Melton-Eastell methods. (20, 21) SQ assessment of baseline radiographs was performed for all women with baseline femoral neck T-score >À2.5 or could have been performed in conjunction with a confirmation of a later QM incident fracture. SQ assessments were used for defining prevalent fractures only if QM was unavailable.
Adverse events
Safety was assessed by recording all self-reported adverse events (AEs) and serious AEs (SAEs); regular monitoring of hematology, blood-chemical, and urinary values; regular measurement of vital signs; and physical examinations. AEs were coded using the Medical Dictionary for Regulatory Activities (MedDRA). A number of specific safety evaluations were performed. All patients had serum creatinine measured 9 to 11 days after each infusion to assess renal safety. A significant increase was predefined as serum creatinine rise >0.5 mg/dL compared with preinfusion or baseline. Twelve-lead electrocardiograms (ECGs) were collected on all patients 9 to 11 days and 90 days after the year 5 infusion. Blinded, independent adjudications/expert review committees adjudicated reports of several AEs of interest: ocular; hypocalcemia; maxillofacial; avascular necrosis; delayed/ nonunion of fractures; renal; arrhythmia SAEs; and underlying cause of death. After a search of MedDRA terms using lists defined by the adjudication committees or if some predefined thresholds were reached (eg, serum creatinine rise >0.5 mg/dL), the clinical sites collected medical documentation. Adjudication was performed blinded to treatment. ONJ events were adjudicated based on a definition of exposed bone for more than 6 weeks. (1, 22) Statistical analyses
The primary analysis of percentage change in femoral neck BMD from baseline (year 3) to year 6 was performed on the intent-totreat (ITT) population in patients with complete data for this outcome. Secondary analyses were performed using most recent BMD carried forward and with multiple imputation of missing data. (23) Analysis of variance (ANOVA) models were used with treatment and region as covariables. All testing was performed at a p ¼ 0.05 significance level without adjustment for multiple testing. A study completer was defined as having the primary variable (hip BMD) available within 6 months of the 36-month study closeout target.
The years 3 to 6 bone marker analysis used analysis of covariance (ANCOVA) with treatment, region, and log (year 3) as explanatory variables using the (log e -transformed) postbaseline value. Between-treatment comparison of clinical fractures used proportional hazards models. Three-year incidence of clinical fractures was estimated using Kaplan-Meier methods. New morphometric vertebral fracture incidence was compared between treatments using logistic regression adjusting for number of baseline vertebral fractures (0, 1, !2).
Adverse event categorizations were based on previous categorization from the core study or statistical significance ( p < 0.05) between groups in this study. All safety analyses were performed in the ITT population minus any participants (n ¼ 4) who did not receive the study drug. Some categories of AEs were composed of prespecified groups of terms (Table 3) . Results are based on the investigator's original report/classification.
Comparisons for the incidence of safety events were performed using Fisher's exact test.
With a sample size of 1240, 5.5% standard deviation BMD, and two-sided 5% significance level, the trial had 90% power for a difference of 1.1% in femoral neck BMD.
Results
Baseline characteristics are shown in Table 1 . On average, patients were 75.5 years old, with >50% having femoral neck BMD T-scores lower than À2.5 and approximately 60% with at least one vertebral fracture. Baseline characteristics were similar between treatment groups. Among the 921 (77% of survivors) women completing the study (Fig. 1) , baseline characteristics were also similar in Z6 versus Z3P3 groups (Table 1) . Compared with all core study patients, those in the extension were somewhat younger but had similar BMD and vertebral fracture prevalence.
The mean change from randomization (year 3) to 6 years for femoral neck BMD (primary endpoint) was þ0.24% in Z6 compared with À0.80% in Z3P3 (difference ¼ 1.04%; p ¼ 0.0009) ( Table 2 ). Difference at the total hip was similar and also significant. The difference at the lumbar spine was slightly larger (2.03%; p ¼ 0.002). Over the entire 6-year treatment/follow-up period, the gain in femoral neck and lumbar spine BMD was approximately 4.5% in the Z6 versus 3.1% in the Z3P3 group ( p < 0.01; Fig. 2A ) and 12.1% and 10.1%, respectively ( p ¼ not significant; Fig. 2B ). Two different methods for imputing missing femoral neck BMD information (last postrandomization observation carried forward and multiple imputation) yielded similar results.
During the 3 years of the extension study, mean serum PINP rose slightly in both the Z3P3 (þ33%) and Z6 (þ19%; difference ¼ 14%, p ¼ 0.0001) groups (Table 2 ). Three years after discontinuation, PINP still remained substantially below pretreatment values in Z3P3 (Fig. 3A) . The patterns of change were similar for b-CTX and BSAP but sample sizes were too small to draw meaningful conclusions (Fig. 3B,C) .
Morphometric vertebral fracture risk was significantly lower in Z6 (n ¼ 14) versus Z3P3 (n ¼ 30; 3.0% versus 6.2%, odds ratio The number of women with one or more AE was similar in the two groups (Table 3) , and there were no statistically significant differences in SAEs or deaths. With respect to renal effects, a significantly larger number of patients with increases in serum creatinine >0.5 mg/dL from baseline occurred in Z6 (n ¼ 18) versus Z3P3 (n ¼ 4; p ¼ 0.002) ( Table 3 ). The majority of these increases occurred between infusion and the 9-to 11-day postinfusion follow-up visit; all were transient and resolved with no overall impact on renal function. The mean changes in serum creatinine (mmol/L) from the extension baseline to the postinfusion follow-up visit were similar in the Z6 and Z3P3 groups. For example, after the year 3 infusion, the mean change (minimum, maximum) from baseline to the postinfusion followup visit was 2 (À27, 88) in Z6 and 1 (À27, 62) in Z3P3. The corresponding values following the sixth infusion were 3 (À71, 345) in Z6 and 1 (À27, 53) in Z3P3. The patient with the serum creatinine rise of 345 mmol/L had a value of 70.7 mmol/L before Reported use before HORIZON-PFT core study (before time point 0) and during core study (time point 0 to year 3).
the sixth infusion and 424 mmol/L at the postinfusion follow-up visit. As per protocol, this parameter was remeasured 4 days later and was found to have a normal value (70.7 mmol/L) identical to the preinfusion value, suggesting a spurious measurement at the 9-to 11-day visit. Postdose symptoms were relatively uncommon and not different between treatment groups. Atrial fibrillation was slightly more common in the Z6 group, but the difference was not statistically significant. In addition, a number of other cardiovascular events, including stroke, were numerically more frequent in the Z6 group (n ¼ 19) compared with the Z3P3 group (n ¼ 9), but none were statistically significant. Of the 19 strokes in the Z6 group, none occurred within 30 days of infusion. After excluding the transient ischemic attack (TIA) events, there were 13 strokes in the Z6 group versus 7 in the Z3P3 group ( p ¼ 0.18). There was a statistically significant decrease in the Z6 group in the number of hypertension AEs reported compared with the Z3P3 group (48 versus 93, p ¼ 0.0001). There were no cases of atypical femur fractures or hip or knee avascular necrosis. There was one case meeting ONJ criteria (in Z6 group), which resolved with appropriate treatment.
Discussion
We compared the efficacy of 6 years of continuous annual use of ZOL with discontinuation after 3 years. For the primary endpoint of femoral neck BMD (year 3 versus 6), continuous use maintained BMD gains seen after the first 3 years of ZOL, whereas discontinuation resulted in bone loss of 1.04% (compared with the Z6 group). However, BMD in both groups remained substantially above pretreatment values. Bone remodeling rates remained constant for those remaining on ZOL for 6 years, and there was only a slight increase in those who stopped therapy. For fractures, we saw 49% lower risk for morphometric vertebral fractures (n ¼ 14 [3.0%] in Z6 versus n ¼ 30 [6.2%] in Z3P3), but no significant difference in clinically evident vertebral fractures or nonvertebral fractures, although confidence intervals are wide. In general, fracture rates in those who continued and those who discontinued were more similar to those in the actively treated group in the core study and were lower than those seen in the placebo group in the core study. This was particularly evident for vertebral fractures. Taken together, these efficacy results show that continuing ZOL for 6 years maintains early gains in BMD and, by implication, bone strength, but discontinuation after 3 years also maintains substantial residual benefit.
In general, safety was similar in those continuing ZOL compared with those who discontinued. In the core study, there had been significant differences in acute phase response between the ZOL and placebo groups, particularly after the first infusion. (1, 24) In the extension, rates of postdose symptoms were much lower than active group rates in the core study and not significantly different between randomized groups. In terms of renal effects, there were significantly more short-term rises in serum creatinine 9 to 11 days after infusion in the Z6 versus the Z3P3 group, but these short-term increases quickly resolved; there was no difference between treatment groups in mean change in creatinine clearance and there were no long-term differences in any aspect of renal function. A recent FDA warning regarding renal failure after zoledronic acid emphasized the importance of predose assessment of creatinine clearance and hydration status. It is also important that ZOL be infused over at least 15 minutes. In the original study, there were significantly greater numbers of SAE atrial fibrillation (1.3% versus 0.5%; p < 0.001), although no plausible mechanism or correlation to electrolyte disturbance was identified. In this extension, although there were numerically more events in the Z6 (2.0%) versus Z3P3 group (1.1%), this difference was not statistically significant ( p ¼ 0.26). Although SAE strokes were numerically more common in the Z6 versus Z3P3 group, that difference did not reach statistical significance ( p ¼ 0.06). None of the strokes occurred within 30 days of infusion and, excluding TIAs, decreased the imbalance. None of the strokes were preceded by SAE atrial fibrillation in the study, and neither our core study nor any other study of ZOL has shown a significant increase in stroke. The only statistically significant difference in this study for cardiovascular events was hypertension, for which the number of reports was significantly decreased in the Z6 versus the Z3P3 group. Given the uncertainty and inconsistency in these cardiovascular event data, we do not believe that the evidence supports any general recommendation. There was only a small increase in bone turnover in those who discontinued therapy, and levels of turnover remained substantially below pretreatment levels. The persistent decrease in turnover for at least 3 years after discontinuation suggests a residual effect, which could be beneficial for continued fracture risk reduction. There is a theoretical concern that if it is found that this degree of reduction in bone turnover has adverse effects, then these effects will be similarly prolonged. However, it should be noted that most patients have values within the premenopausal normal range, indicating that there is not a nonphysiological Table 2 . Using the last postrandomization observation carried forward to impute missing data, the difference in femoral neck BMD change between treatment groups was 0.71% (95% CI 0.14%, 1.28%; p ¼ 0.015). Using multiple imputation, the difference was 0.88% (95% CI 0.28%, 1.49%; p ¼ 0.004).
suppression of bone turnover in either as a result of prolonged or in those who discontinued. Thus, unexpected adverse effects from this level of turnover are extremely unlikely.
These results provide some guidance for clinicians in deciding whether to continue a patient on ZOL beyond 3 years. Changes in bone density and markers suggest statistically significant, but small differences between continuing and stopping medication after 3 years for up to 3 years. There was no difference for any type of clinical fracture, although a 49% lower risk of morphometric vertebral fractures was found in those continuing on ZOL. Incident morphometric vertebral fractures have been shown to be associated with significant pain, limited activity, disability, and increased future fracture risk. (25) (26) (27) Although there was no significant decrease in clinical vertebral fractures, the confidence interval for all categories of clinical fracture were wide and therefore we cannot exclude some potential benefit. Overall, the results suggest that after 3 years of initial treatment, many patients may discontinue therapy for up to 3 years or decrease frequency of infusion. However, based on the reduction in morphometric fractures, those who are at high fracture risk, particularly vertebral fracture, may benefit from continued annual infusions. A previous study of alendronate suggested that 
and the arrows indicate timing of infusions. The year 4.5 measurement was made 6 months after the most recent infusion, whereas the year 6 measurement was 12 months after the most recent infusion. Results represent geometric means.
those with existing vertebral fractures or very low BMD after initial alendronate treatment were at highest risk of new fractures and may most benefit by continuing. (8, 28) Future analyses in our study will examine in detail factors that might aid clinical decision making regarding continuation: preliminary results are consistent with those from FLEX showing increased fracture risk in those who discontinued among those with very low BMD or existing vertebral fractures after an initial course of therapy. (29) Long-term benefits must be balanced against any possible safety concerns including ONJ, atypical femur fracture, or other possible AEs. In some patients, clinicians might consider less frequent dosing, which may potentially provide similar efficacy while decreasing cumulative drug exposure, (30, 31) although it has not been studied after previous annual infusions. In comparison to our ZOL results, data on efficacy and safety of other bisphosphonates beyond 3 to 5 years varies and is limited. A similar extension study to ours was performed for alendronate. (7, 8, 32) Patients with an average of 5 years of previous alendronate were rerandomized and continued on alendronate 5 or 10 mg/day or placebo for 5 more years. In that extension study, 3-year results were similar to ours, showing a small decline in BMD (approximately 1% to 2% at the hip and 2% to 3% at the spine), and 5-year results showed no reduction in clinical nonvertebral fractures. The alendronate extension study also showed a reduction in vertebral fractures, but only for clinical, not morphometrically defined fractures. Over the 5 years of the followup, there was a larger resolution of effect for bone turnover after alendronate than we showed over 3 years of follow-up after ZOL. From these data, the authors concluded that women at high risk of vertebral fractures or those with very low BMD might be best continued after 5 years of alendronate but that others could safely discontinue. In comparison to our ZOL data and those for alendronate, which show a similar residual effect, the limited data for risedronate suggest faster offset and less residual effect, (9) and there are no long-term data for ibandronate. It is important that clinicians do not assume that the residual effects observed with ZOL and alendronate apply to other bisphosphonates. In terms of residual effects after discontinuation, bisphosphonates are distinct from other anti-osteoporosis agents including estrogen, raloxifene, parathyroid hormone, and receptor activator of NF-kB ligand (RANKL) inhibitors, such as denosumab. For these agents, BMD rapidly decreases after discontinuation, such that BMD gains may be lost within 1 to 2 years and bone remodeling quickly returns to pretreatment levels or above. (33) (34) (35) This lack of residual effect contrasts sharply with our results and those for alendronate. Our study had several limitations. Most important, the number of patients was too small to examine uncommon clinical events, such as uncommon fracture types and AEs. Confidence intervals for fracture endpoints, as well as safety, are therefore wide, and clinical recommendations must be primarily based on BMD and bone turnover markers and surrogate endpoints for fracture. Also, there was no long-term placebo group, so we can only compare between those who received ZOL for 3 versus 6 years. Lastly, we only compared 3 additional years of ZOL to discontinuing for 3 years. Our data do not allow us to estimate whether residual effects continue longer than 3 years nor what criteria, such as change in BMD or bone turnover marker, might be used to assess if and when another course of therapy should be started.
In summary, our study showed that continuing annual ZOL over 6 years maintained BMD and reduced vertebral fracture risk.
Although discontinuation after 3 years showed an increase in morphometric vertebral fractures, there was also evidence of substantial residual benefits. These residual benefits after discontinuation suggest that after 3 years, many patients may For urinary protein dipstick >2 þ , an extension criterion of baseline urinary protein dipstick 2þ is required. All increases in creatinine clearance were temporary and resolved with additional remeasurement. All patients with increased levels 9 to 11 days after dose had resolved and could be redosed at next annual visit (years 4 and 5). The five most common AEs reported within 3 days of infusion in the ZOL group in the core study.
